Staphylococcus aureus is a major pathogen in both hospital and community settings, causing infections ranging from mild skin and wound infections to life-threatening systemic illness. Gene expression changes due to the stringent response have been studied in S. aureus using lethal concentrations of mupirocin, but no studies have investigated the effects of sub-lethal concentrations. S. aureus 8325-4 was exposed to sub-inhibitory concentrations of mupirocin. The production of ppGpp was assessed via HPLC and the effects on global transcription were studied by RNAseq (RNA sequencing) analysis. Growth inhibition had occurred after 1 h of treatment and metabolic analysis revealed that the stringent response alarmone ppGpp was present and GTP concentrations decreased. Transcriptome profiles showed that global transcriptional alterations were similar to those for S. aureus after treatment with lethal concentrations of mupirocin, including the repression of genes involved in transcription, translation and replication machineries. Furthermore, up-regulation of genes involved in stress responses, and amino acid biosynthesis and transport, as well as some virulence factor genes, was observed. However, ppGpp was not detectable after 12 or 24 h and cell growth had resumed, although some transcriptional changes remained. Sub-lethal concentrations of mupirocin induce the stringent response, but cells adapt and resume growth once ppGpp levels decrease. †Present address: Faculty of Applied Medical Sciences, Taibah University, Medina, Saudi Arabia.
INTRODUCTION
Mupirocin is an antibiotic that is used to treat superficial staphylococcal infections and to clear nasal carriage (Coates et al., 2009) . Mupirocin triggers the stringent response via inhibition of isoleucine aminoacylation leading to unchanged tRNA accumulation, which mimics amino acid starvation. In Staphylococcus aureus and other bacteria, this induces the stringent response via the production of the global regulator (p)ppGpp (Cassels et al., 1995; Anderson et al., 2006) . RSH [RelA/SpoT homologue or Rel in the nomenclature recommended by Mittenhuber (2001) ] is the main enzyme responsible for (p)ppGpp synthesis and hydrolysis in Gram-positive bacteria, including via the enzymatic phosphorylation of GDP and GTP to pppGpp using ATP as a phosphate donor (Potrykus & Cashel, 2008; Wolz et al., 2010) . pppGpp is rapidly hydrolysed by pppGpp phosphohydrolase to ppGpp in S. aureus (Hara & Sy, 1983 ). (p)ppGpp is responsible for regulating global intracellular changes including transcription, translation, replication and virulence factor induction in pathogenic bacteria including S. aureus. Observations of global alterations in gene transcription after mupirocin treatment have been made in previous studies via DNA microarray analysis and these studies used inhibitory (lethal) concentrations of mupirocin for relatively short exposure times, as ppGpp acted as a toxin and treated cells entered the death phase after a few hours of exposure (Geiger et al., , 2012 Reiß et al., 2012) . In addition to the direct effects of ppGpp on transcription, indirect mechanisms of action of the ppGpp can occur via the consumption of GTP through (p)ppGpp synthesis. For example, a reduction in the concentration of GTP will reduce the repressive activity of CodY and lead to further transcriptional alterations, in particular for genes that are involved in nitrogen and amino acid metabolism and those encoding virulence factors (Sonenshein, 2005) .
Relatively little is known about the effects of sub-inhibitory concentrations of mupirocin in S. aureus. In a previous study, the production of some virulence factors was delayed but not completely inhibited (Edwards-Jones & Foster, 1994; Edwards-Jones, 1997) . In this work, S. aureus strain 8325-4 was treated with sub-lethal concentrations of mupirocin and production of ppGpp assessed by HPLC and associated global transcriptional alterations were studied via high throughput RNA sequencing (RNAseq), which has not been performed in previous studies. In addition, resumption of growth after the stringent response was spotted for what is believed to be the first time and observed at the transcriptional level. In this work, a model of the recovery mechanism from the stringent response is proposed. The implications for therapy with mupirocin are discussed.
METHODS
Mupirocin treatment and nucleotide detection. A sub-inhibitory concentration of mupirocin (0.5ÂMIC=0.12 µg ml À1 ) was added to exponentially growing cells (OD 600 nm 0.5) of S. aureus 8325-4 in Isosensitest broth (Oxoid) and placed in a rotary incubator at 37 C and 200 r.p.m. Cells were harvested after 1, 12 and 24 h in parallel with control cultures and their OD 600 determined (cultures were diluted when the OD 600 reading reached 0.7 and readings were multiplied by the dilution factor). Nucleotide extraction was performed following the method of Greenway & England (1999) with slight modifications. Bacterial broth (40 ml) was filtered through filter paper (Millipore 0.45 µm pore size), then 5 ml 2M ice-cold formic acid was added to the culture and incubated on ice for 1 h. Cell debris was removed by centrifugation for 10 min at 6000 g, and the supernatant was filtered through a nitrocellulose membrane (Whatman 0.45 µm pore size). The filtrates were then frozen using liquid nitrogen, dried by lyophilization (Coolsafe; Scanvac) for 48 h and then kept at 4 C. The lyophilized extract was dissolved in 3 ml highly purified de-ionized distilled water and 1 ml was then subjected to HPLC (Polaris; Varian) using a Partisil 10 SAX anion exchange column (Whatman) and eluted with a gradient of 7 mM K 2 HPO 4 , pH 4.0, to 0.5 M KH 2 PO 4 /0.5 M Na 2 SO 4 , pH 5.4, at a flow rate of 1 ml min À1 . The detection wavelength (UV) was 254 nm. Nucleotide concentrations were expressed relative to the cell dry weight (CDW).
RNA extraction. Cells were harvested after 1, 12 and 24 h as before. The optical densities were adjusted to 0.5 at 600 nm for normalization, then RNAprotect bacteria reagent and RNeasy mini kit (Qiagen) reagents were used to extract total RNA. DNase I (Qiagen) was included in the RNA extraction procedures to avoid DNA contamination. The purity of the RNA was verified by a Nanodrop spectrophotometer 2000 (Thermo Scientific) and accurate RNA concentration measurements were obtained via Qubit RNA assay kits with a Qubit 2.0 fluorometer (Life Technologies).
RNA library preparation and sequencing. RNAseq and data analysis were performed at the Centre for Genomic Research at the University of Liverpool, Liverpool, UK. Non-coding RNAs were depleted from the samples with a RiboZero magnetic kit (bacteria) from Epicentre using 2 µg starting material. RNAseq libraries were prepared from 20-25 ng of the enriched material using the Epicentre ScriptSeq v2 RNA-Seq library preparation kit and the libraries were purified using AMPure XP beads after 13 cycles of amplification. These final libraries were pooled in equimolar amounts, and the quantity and quality of each pool was assessed by bioanalyzer and subsequently by quantitative PCR using the Illumina Library Quantification kit from Kapa (KK4854) on a Roche Light Cycler LC480II according to the manufacturer's instructions. The resultant pools were sequenced on three lanes of a HiSeq 2000 using 2Â100 bp paired-end sequencing with v3 chemistry. The mapping tools were Bowtie 2.1.0 using paired-end mapping mode. The analysis software was R version 3.0.1 and edgeR package version 3.0.4. Data analysis. Three types of analysis were conducted on the expression data results. Firstly, based on log 2 count, sample correlation analysis was performed to examine the variation within sample replicates and between samples groups. Secondly, an analysis was made by forming a model of six parameters, each parameter is for the mean expression of sample replicates. The parameters were C 1 h, T 1 h, C 12 h, T 12 h, C 24 h and T 24 h (where C=control and T=culture challenged with mupirocin). Comparison of the expression data of control and test cells for each sample (T1 h/C1 h, T12 h/C12 h and T24 h/C24 h) was conducted to identify differentially expressed genes based on a cut-off level of 5 % for false discovery rate (FDR) values and a twofold change in expression (FDR= 5 % PLUS twofold change). Thirdly, a comparison of the expression data of test cells parameters (T12 h/T1 h, T24 h/T1 h and T24 h/T12 h) was set to identify differentially expressed genes at these time points using the same criteria. The full RNAseq data is given in Table S1 (available in the online Supplementary Material).
Gene annotations were obtained from the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=93061&lvl=3&lin=f&-keep=1&srchmode=1&unlock) and further annotations were obtained from the Pathosystem Resource Integration Centre (PAT-RIC) (http://patricbrc.vbi.vt.edu/portal/portal/patric/Home). Gene grouping based on gene functions was conducted using the DAVID server (http://david.abcc.ncifcrf.gov/home.jsp).
RESULTS

Effect of a sub-inhibitory concentration of mupirocin on cell growth and ppGpp production
The effect of a sub-lethal (0.5 MIC) concentration of mupirocin on the growth of S. aureus 8325-4 is shown in Fig. 1 . Different sampling times were chosen to observe the effect of mupirocin addition on growth and gene expression (1, 12 and 24 h). The 1 h time point was in the early exponential phase for the control cells and growth was inhibited after mupirocin addition to test cells. After 12 h, the control cells were in the exponential phase and the test cells showed the beginnings of recovery from the stringent response. At 24 h, the control cells were in the stationary phase, whereas the test cells were in exponential phase. There was a significant effect on growth up to 24 h with an apparently prolonged lag phase for the treated cells. After 1 h, the OD 600 for the control cells reached 1.2, whereas the treated cells remained constant at 0.5, a significant difference (P=0.02). The mupirocin had a highly significant effect (P=0.0006) on 12 h cultures, as the OD 600 for the control cells reached 6.5, whereas that of the treated cells was 2.6. After 24 h, the OD 600 for the control cells reached 10.4 and that for the test cells rose to 5.8, significantly lower than the controls (P=0.002), but similar to the OD 600 of the 12 h control cells ( Fig. 1) . ppGpp was detected after 1 h exposure to mupirocin [397 pmol (mg CDW) À1 ] but reduced to 0 after 8 h (data not shown) and was still undetectable after 12 or 24 h ( Fig. 1) . ppGpp was not detected in the control cells. The GTP level was 6.8±4.7 nmol (mg CDW) À1 in control cells and 2.4±1.7 nmol (mg CDW) À1 in mupirocintreated cells after 1 h, then slowly increased to pre-mupirocin levels by 8 h (data not shown). The levels were comparable to control cells after 12 h in mupirocin-treated cells.
Global gene expression
RNA was extracted from cells treated with mupirocin and control cells after 1, 12 and 24 h, and was analysed by highthroughput RNA sequencing to observe the global alterations in transcription. Transcription profiles based on expression level changes for genes were obtained, and comparisons of these profiles were made between all samples in order to observe correlations between their transcription profiles and are presented as a heatmap (Fig. 2 ). Each square shows the level of correlation between the corresponding samples, where red indicates high correlation and dark blue low correlation. For example, arrow A indicates a high level of similarity of the transcriptional profile for control cells at 12 h and the transcriptional profile for cells treated with mupirocin at 24 h. Furthermore, significant similarity of transcriptional profiles occurred among cells treated with mupirocin for samples at 1 and 12 h, which indicates similar expression regulation for their genes (arrow B, Fig. 2 ). All genes were subjected to a twofold differential expression cut-off at FDR 0.05.
Comparison between gene expression in test and control samples at different times
Differential gene expression throughout sub-lethal mupirocin exposure. Expression data for 2862 genes was obtained for all three time points. After 1 h of exposure to sub-lethal concentrations of mupirocin, 869 (30.4 %) were differentially expressed between treated samples and controls: 55.12 % (n=479) up-regulated and 44.88 % (n=390) down-regulated. After 12 h of sub-lethal mupirocin exposure, 967 genes were differentially expressed between treated samples and controls (33.8 %, an increase of 3.4 % from 1 h): 52.9 % (n=512) of the differentially expressed genes were up-regulated and 47.1 % (n=455) were downregulated. After 24 h of sub-lethal mupirocin exposure, 1125 genes were differentially expressed between treated samples and controls (39.3 %, an increase of 8.9 % from 1 h). Of the differentially expressed genes, 56.6 % (n=637) were up-regulated and 43.4 % (n=488) were downregulated.
Distribution of the differentially expressed genes of the test and control cells after 1, 12 and 24 h
A Venn diagram of differentially expressed genes between time points is shown in Fig. 3 . For example, at 1 h 146 genes were up-regulated and 206 were down-regulated, 279 genes were up-regulated and 311 genes were down-regulated at 12 h, and 508 were up-regulated and 443 were down-regulated at 24 h (Fig. 3) . A total of 229 up-regulated genes and 142 down-regulated genes were common to both 1 and 12 h; and between 1 and 24 h, 125 up-regulated genes and 43 down-regulated genes were shared. There were 25 positively regulated and 3 negatively regulated genes that overlapped between 12 and 24 h. 
Functions of uniquely expressed genes
Differentially expressed genes that showed unique regulation at different times were classified for gene function using the gene functional classification toll server (DAVID Bioinformatics Resource) and the results are shown in Fig. 3 . For example, at 1 h up-regulated genes were enriched for functions including cofactors binding, cellular amino acid biosynthetic processes and carboxylic acid biosynthetic processes. Down-regulated genes contributed to energy production, coenzyme metabolic biosynthetic processes and DNA replication. At 12 h, up-regulated genes were largely involved in ion and cofactor binding, coenzyme metabolic processes, nucleotide biosynthetic processes and glycolysis. Down-regulated gene annotations were enriched for terms including cellular carbohydrates biosynthetic processes, two component systems, and signal transduction and regulator response. Finally, genes involved in phosphate metabolic process, two component systems, nucleotide binding, GTP binding, energy production and conversion were up-regulated at 24 h, and those involved in transcription regulation, cellular response to stress, regulation of RNA metabolic processes and DNA binding were down-regulated ( Fig. 3 ).
Functions of overlapping expressed genes
Genes that showed an overlap in expression (i.e. were either up-or down-regulated at more than one time point) were studied in more detail. For example, pairwise comparison of transcriptomes from the 1 and 12 h long treatments (against control cells) revealed shared up-regulated genes involved in branched-chain amino acid (BCAA) biosynthesis processeses, carboxylic acid and nitrogen compound biosynthetic processes, transcription regulation and stress response (Fig. 3 ). Transcription data for these genes display significant alterations in their regulation during the stringent response (Table 1) . Genes down-regulated at both 1 and 12 h included nucleoside and nucleotide biosynthetic processes and binding, phosphate metabolism processes, transmembrane and phosphorylation (Fig. 3) .
Genes that were up-regulated at both 1 and 24 h were involved in functions including cellular amino acid biosynthesis, two component system and pathogenesis. Down-regulated genes at both 1 and 24 h were involved in carbohydrate metabolic processes, nucleotide and coenzyme binding and lactose metabolism (Fig. 3) .
Pairwise comparison of the 12 and 24 h transcriptome data showed shared functions of up-regulated genes including transmembrane, amine biosynthetic processes, cellular amino acid biosynthesis, virulence and two component systems. A total of 21 genes were up-regulated at all three time points, 10 of which encoded products of unknown function. The remaining 11 genes were involved in cellular amino acid biosynthesis, virulence and two component systems (Fig. 3) . Fig. 3 . Differentially expressed genes of S. aureus 8325-4 treated with a sub-lethal concentration of mupirocin for 1, 12 and 24 h compared with control (non-treated) samples for each time point. Up-regulated genes are shown in red, down-regulated genes are shown in black. All genes were subjected to a twofold differential expression cut-off at FDR 0.05. DE, Differentially expressed; T, mupirocin treated; C, control. Functional groups: (a) cellular amino acid biosynthesis, virulence, two component systems and unknown functions; (b) virulence, oxidation reduction, cofactors binding, cellular amino acid biosynthetic processes, amine and carboxylic acid biosynthetic processes; (c) amino acid biosynthesis and transport, carboxylic acid, nitrogen compound biosynthetic processes, transcription regulation and stress response; (d) ion and cofactors binding, coenzyme metabolic processes, nucleotide biosynthetic processes; (e) transmembrane phosphotransferase and unknown functions; (f) phosphate metabolic processes, two component system, nucleotide binding, tRNA metabolic process, GTP binding, energy production and conversion; (g) phosphatase; (h) nucleotide and ion binding, energy production, coenzyme metabolic biosynthetic processes and DNA replication; (i) nucleoside biosynthetic processes and binding, phosphate metabolism processes, transmembrane and phosphorylation; (j) cellular carbohydrates biosynthetic processes, two component system signal transduction and regulator response; (k) phosphatases and arginine repression; (l) transcription regulation, cellular response to stress, regulation of RNA metabolic processes and DNA binding.
Details of the main transcription changes are shown in
metabolism. Most of these were up-regulated again by 24 h ( Table 2) .
Expression of genes that facilitate the recovery from the stringent response after mupirocin treatment
The slow increase in growth that occurred after 12 h exposure to sub-lethal concentrations of mupirocin was associated with a decreased level of RSH transcript and ppGpp was not detected at 12 h. Furthermore, activation of genes involved in transcription, translation, replication, energy production and transport were seen in the transcriptome data for 12 h, 24 h or both. In addition, the gene encoding IleS (SAOUHSC_01159) was up-regulated at 1, 12 and 24 h (9.7-, 4.3-and 5.2-fold), respectively (Table 1) . Moreover, up-regulation for genes involved in BCAA (isoleucine, valine and leucine) biosynthesis and metabolism processes, as well as genes encoding proteases and amino acid transport, had occurred, and more than 30 genes that encoded ribosomal proteins were significantly up-regulated after 24 h. The transcriptome data also showed slight but not all significant up-regulation of genes that contribute to GTP synthesis at 12 and 24 h, including HprT (1.1-fold and 1.5-fold), and GmK (1.2-fold and 2.5-fold), respectively.
DISCUSSION
The sub-lethal concentration of mupirocin induced the stringent response and ppGpp was present after 1 h, but was undetectable after 4 h (data not shown). The changes in gene expression observed after 1 h treatment were broadly similar to those reported using DNA microarrays and lethal concentrations of mupirocin (Anderson et al., 2006; Geiger et al., 2010 Geiger et al., , 2012 . However, the observation that changes in gene expression occur 12 and 24 h after exposure to mupirocin has not been observed before (to the best of our knowledge) and shows that transcription changes still occur even after the cells have apparently recovered from the stringent response. The transcription of the gene that is responsible for ppGpp synthesis, rsh, was increased 1.2-fold relative to the control at 1 h. Although this was not a significant increase in the expression according to the criteria used here, ppGpp production reached significant levels in comparison to control conditions and the low level of expression might be related to the level of the stringent response caused by the sub-lethal concentration of mupirocin. In S. aureus, there are two additional genes, relP and relQ, that encode proteins that synthesize ppGpp. However, the expression of relQ and relP genes was down-regulated at 1 h (1-fold and 1.4-fold, respectively). Recent works by Geiger and his research group claimed the relQ and relP were not active during amino acid starvation and mupirocin exposure (Geiger et al., , 2012 , but had a significant role in mediating tolerance against cell-envelope stress after exposure to cell-wall-active antibiotics such as ampicillin and vancomycin (Geiger et al., 2014) . The up-regulation of genes that are involved in amino acid biosynthesis, transcription regulation, stress response and virulence factors, and the down-regulation of genes that contribute to transcription, translation and replication, are in agreement with previous observations using lethal concentrations of mupirocin (Anderson et al., 2006; Geiger et al., 2010 Geiger et al., , 2012 Reiß et al., 2012) , and support the view that the sub-lethal concentration of mupirocin used here was capable of triggering the stringent response during at least 1 h of treatment, which has not been reported in previous studies.
Significant growth inhibition was seen at 1 h after mupirocin exposure compared to control cells, this was due to ppGpp influencing DNA replication, as has been shown in Bacillus subtilis and Escherichia coli (Schreiber et al., 1995; Levine et al., 1991) . However, the effective mechanism of ppGpp action on DNA replication in S. aureus is unknown at the present, but the transcriptome profile for the treated cells at 1 h showed down-regulation of genes that are involved in nucleoside biosynthetic processes and DNA replication, including genes encoding replication initiation proteins and DNA gyrase subunit A/B (Table 2) , and these findings are in line with the decreased cell density seen in Fig. 1 at 1 h in treated cells compared to control cells. In addition, two genes encoding toxin/antitoxin systems were up-regulated at 1 h, which is in agreement with Reiß et al. (2012) ; however, positive transcription for them had occurred at 12 h despite the increasing optical density of the cells and that might be a case of opposite regulation between transcription and translation for them, but this would need to be confirmed by proteomics.
In this study, RNAseq technology was used to obtain a comprehensive view of the effect of the stringent response on S. aureus 8325-4 transcription. However, the data revealed that the highest proportion (63.8 %) of up-regulated genes during the stringent response at 1 h encoded hypothetical proteins and this finding is in line with those of Reiß et al. (2012) , which reflects the lack of knowledge of the stress response process.
During the stringent response induced by inhibitory concentrations of mupirocin, the GTP concentration in the intracellular pool was also reduced through the (p)ppGpp synthesis process. In B. subtilis, most of the rRNA gene transcription starts with guanosine nucleotides, expression of which can consequently be influenced by intracellular GTP levels (Kr asný & Gourse, 2004) . The transcriptional start of two rRNA operons in S. aureus have been mapped and have confirmed the role of GTP in initiating their primary promoters, which can explain the effects of low GTP concentrations on their expression (Kr asný et al. 2008; Geiger et al., 2012) . Furthermore, decreased GTP concentrations caused by mupirocin treatment would decrease the concentration of the CodY-GTP complex, resulting in de-repression for amino acid biosynthesis and transport genes as well as many virulence factors genes in S. aureus (Hughes & Mellows, 1978; Majerczyk et al., 2010) . Quorum sensing, particularly the agr locus and other virulence genes, are clearly influenced during the stringent response as a result of CodY deactivation, which might explain the correlation between nutrient limitation and enhanced expression of virulence factors during the stringent response.
However, recovery from the stringent response was observed as the treated cells slowly returned to growth, associated with a decreased level of the rsh transcript, and ppGpp was not detected at 4 or 12 h. A model for the inhibition and escape from inhibition is shown in Fig. 4 . The reason for down-regulated transcription of rsh is not clear yet, but it is possible that stopping ppGpp synthesis can be achieved via the reduction of the concentration of its inducer, deacylated tRNA, in the A site of the ribosome that is caused by mupirocin treatment. Mupirocin works as a reversible competitive enzyme inhibitor that inhibits the synthesis of the isoleucyl-tRNA Ile . Recovery from such a competitive enzyme inhibitor effect can be achieved via increasing the concentration of either the targeted enzyme, IleS, or its substrate, isoleucine (Hughes & Mellows, 1978) . Here, the gene encoding IleS (SAOUHSC_01159) was up-regulated at 1, 12 and 24 h (9.7-, 4.3-and 5.2-fold, respectively), which may suggest that a cell treated with mupirocin is trying to overcome the inhibitory effect of mupirocin by producing higher concentrations of IleS enzyme than its inhibitor. In addition, up-regulation for genes that are involved in isoleucine, valine and leucine biosynthesis and metabolism processes was reported here, which is in agreement with Reiß and colleagues when they reported an early increase of BCAAs after 30 min of treatment with lethal concentrations of mupirocin (Reiß et al., 2012) . Furthermore, up-regulation of genes that encode proteases and amino acid transport proteins had occurred, which supports the suggestion that S. aureus tries to compensate for the lack of amino acids via biosynthesis, as well as through importing amino acids from the surrounding environment or host tissue. Hydrolysis will also decrease ppGpp concentrations, which will be complete if synthesis is inhibited. Activation of genes that are involved in transcription, translation, replication, energy production and transport was seen in the transcriptome data for either or both 12 and 24 h, and reflects cell growth at these times. An early study of the E. coli stringent response claimed that cessation of (p)ppGpp synthesis and accumulation would occur as long as ribosomes were actively engaged in protein synthesis, which might explain the undetectable (p)ppGpp at 12 and 24 h (Cashel & Gallant, 1969) . This finding, along with the heatmap results, which show a similar transcriptome profile between 12 h control cells and 24 h test cells, again suggests cell recovery from the effects of the stringent response and a recommencing of growth.
In conclusion, sub-inhibitory concentrations of mupirocin were able to trigger the stringent response in S. aureus 8325-4 at 1 h and a high proportion of the up-regulated genes during the stringent response encoded proteins of unknown functions. The results show that strain 8325-4 is able to react during the stringent response despite being deficient in sigma factor B (sigB), as the majority of the previously reported changes in a strain without the rsbU deletion after treatment with lethal concentrations of mupirocin were repeated here. An early report by Crosse and colleagues showed the ability of S. aureus 8325-4 to trigger the stringent response despite being deficient in sigB (Crosse et al., 2000) , which is in line with this work and supports the proposal that sigB is not the major factor in mediating the stringent response. Triggering the stringent response by a sub-lethal concentration of mupirocin appears to induce IleS production in an attempt to compete with mupirocin, which is sufficient to lead to prevention of ppGpp synthesis and accumulation after 4 h. The concentration of ppGpp would also be reduced by hydrolysis. This is different from lethal concentrations of mupirocin that resulted in cell death after a few hours of exposure in previous studies because of the toxic nature of ppGpp. Consequently, the treated cells in our study survived and recovered from the stringent response, and resumed growth at 12 and 24 h. Regulation of virulence genes in S. aureus during the stringent response is related to the GTP intracellular level and CodY regulatory protein.
The results obtained in this study showed that, as may occur in infections treated with mupirocin, there was enhanced expression of virulence genes. This and the implications for therapy with mupirocin will be investigated in detail in a further publication. However, the suggested recovery mechanism for resumed growth by reduction of ppGpp levels might be a useful drug target, e.g. by maintaining ppGpp levels by inhibition of the hydrolase activity.
